In the first reported positive result from a genome scan for non-insulin-dependent diabetes mellitus (NIDDM), Hanis et al. found significant evidence of linkage for NIDDM on chromosome 2q37 and named the putative disease locus NIDDM1 (Hanis et al. 1996. Nat. Genet. 13:161-166). Their total sample was comprised of 440 Mexican-American affected sib-pairs from 246 sibships. The strongest evidence for linkage was at marker D2S125 and best estimates of s (risk to siblings of probands/population prevalence) using this marker were 1.37 under an additive model and 1.36 under a multiplicative model. We examined this chromosomal region using linkage analysis in a Finnish sample comprised of 709 affected sib-pairs from 472 sibships. We excluded this region in our sample (multipoint logarithm of odds score Յ Ϫ 2) for s Ն 1.37. We discuss possible reasons why linkage to 2q37 was not found and conclude that this region is unlikely to be playing a major role in NIDDM susceptibility in the Finnish Caucasian population. ( J. Clin. Invest. 1998.
Introduction
About 90% of diabetics have non-insulin-dependent diabetes mellitus (NIDDM), 1 a heterogeneous disorder of unknown etiology, which affects ‫ف‬ 7% of the adult US population and 4% of the adult Finnish population who are between the ages of 45 and 64 yr (1) (2) (3) . Increased insulin resistance, impaired ␤ -cell function, and increased hepatic glucose production are the metabolic hallmarks of NIDDM. Epidemiological studies suggest a strong genetic basis for the disease, although there is also well-documented evidence for an environmental component in NIDDM (1, 4) . Understanding the genetic basis of NIDDM will help elucidate the molecular mechanisms for disease and lead to a better appreciation of environmental triggers. In turn, this will help scientists and clinicians devise new modes of therapy for disease prevention and cure.
At least two genome scans have been recently completed for NIDDM. Hanis et al. (5) reported the results of a total genome scan using 490 markers at an average resolution of 8.6 cM on a combined data set of up to 440 affected sib-pairs (ASPs) in 246 Mexican-American families from Starr County, Texas. One marker, D2S125 on chromosome 2q37, showed evidence for genome-wide significance for linkage to NIDDM (maximum logarithm of odds [LOD] score or MLS in the combined data set of 4.1, equivalent to P ϭ 2 ϫ 10
). Similar results were obtained when a model-based approach using MOD (maximizing LOD score over penetrance and allele frequency parameters) scores was used. No obvious candidate genes are known to be mapped to the interval (5) . More recently, selected NIDDM pedigrees from Botnia, Western Finland, with the lowest quartile for the mean 30-min insulin levels after oral glucose tolerance tests (OGTT) showed significant evidence for linkage by genome scan to chromosome 12q near the MODY3 locus (6) .
There have been so far very few studies that focus on the genetic basis of NIDDM in Finland. Furthermore, the ages of the samples may differ from study to study, making it difficult to compare frequencies of disease. One study that identified twins of the same sex from record linkage reported a risk rate of 16.2% (CI ϭ 12-20%) to dizygotic twins of a proband with NIDDM in individuals above the age of 28 (7). If we assume that the prevalence of NIDDM is ‫ف‬ 5% (for the 45-64-yr age group) (2), then the recurrence risk for NIDDM in this population is at least 3.2 (16.2/5). The same study also reported a heritability of 79% for NIDDM in the absence of dominance (the best-fitting model) (7). Taking the above together, Fin-land appears to be a reasonable choice for performing genetic studies into NIDDM.
We are engaged in a genome-scan approach to identifying NIDDM loci in a cohort of 709 ASPs in 472 Finnish families. Because of the potential importance of the chromosome 2q result, there is a critical need to replicate these findings (8) . Therefore we have typed our families with 30 chromosome 2 markers. Our results argue against the presence of a gene near the 2q telomere of substantial effect on NIDDM risk in the Finnish population.
Methods
Family collection and research design. The FUSION (Finland-United States Investigation of NIDDM Genetics) study is an international collaborative effort with the aim of positionally cloning genes predisposing to NIDDM and intermediate quantitative traits in Finnish subjects. The study design and family material of the FUSION study have been described in detail elsewhere (9) and we give only a brief description here. The index cases for the FUSION study were identified from various parts of Finland. Diabetes was diagnosed if the patient was on drug treatment (oral hypoglycemics and/or insulin) and/ or blood glucose values from the medical records satisfied the World Health Organization (WHO) criteria for diabetes (10) . If patients were untreated or treated by diet alone, and the fasting blood glucose was Ͻ 7 mmol/liter, the diagnosis of diabetes was confirmed by OGTT using WHO criteria (10) . We selected families for study using the following criteria: ( i ) age of diagnosis of NIDDM in the index case between 35 and 60 yr; ( ii ) at least one living affected sibling; and ( iii ) at least one parent reported to be unaffected. Our age of diagnosis criterion was chosen so as to exclude most cases of insulin-dependent diabetes mellitus (IDDM) and maturity-onset diabetes of the young. All study subjects completed a clinic visit and a battery of questionnaires related to medical history, family history, and lifestyle.
All diabetics had C-peptide and glutamic acid decarboxylase (GAD) antibody measurements performed, in addition to fasting insulin and glucose levels. Families were excluded if probable lateonset IDDM was confirmed in the affected siblings or the first-degree relatives based on the following criteria: fasting C-peptide Ͻ 0.3 nmol/liter along with ( i ) positive GAD antibodies ( Ն 0.03 GAD antibody units) and insulin started within 10 yr of diagnosis or ( ii ) negative GAD antibody and insulin treatment begun within 4 yr of diagnosis. Medical record review was used to exclude probable IDDM in cases where C-peptide or GAD antibody data were unavailable or where there was a normal C-peptide value along with positive GAD antibody and the patient had a duration of diabetes Ͻ 10 yr (9). 39 families were excluded because the proband, affected sibling, or another first-degree relative was considered to have probable IDDM.
Linkage studies can be negatively affected by misclassification of half-sibs or unrelated pairs as full sibs. Such misclassification cannot be established absolutely for families limited to a sib-pair, but can be inferred probabilistically. For each sib-pair, we calculated the probability of the marker data assuming the pairs were identical twins, full sibs, half-sibs, or unrelated using genotypes from 209 markers on 17 chromosomes (11). 23 ASPs in which the most likely relationship was either half-sib or unrelated were excluded from the analysis. The final analysis sample then comprised 472 families with 2 or more sibs affected with NIDDM. The 472 sibships included 381 with 2 affected sibs, 82 with 3, 6 with 4, and 1 each with 5, 6, or 7 affected sibs, yielding a total of 709 ASPs. 448 (95%) of these sibships had no parental genotypes, 21 had genotypes for one parent, and 3 had genotypes for both parents. Descriptive statistics for phenotypic measurements in males and females are shown in Table I .
DNA isolation and genotyping methods. DNA samples were isolated from whole blood using a salting-out procedure (GENTRA DNA isolation kit; Gentra, Minneapolis, MN). Each sample was diluted to 10 ng/ l for amplification before being frozen in 96-well deep plates. Before PCR, DNA from the deep-well plates were aliquoted into 96-well plates (Micro-Amp; Perkin-Elmer Corp., Norwalk, CT) using a microdispenser (HYDRA 96; Robbins Scientific, Sunnyvale, CA) (12) .
The fluorescently labeled dinucleotide repeat markers genotyped in this study were modified from a linkage mapping set (ABI PRISM; Perkin-Elmer/Applied Biosystems Division, Foster City, CA) in addition to in-house-designed primer pairs (13) . Primer pairs for the following microsatellite markers were used: D2S338, D2S125, D2S140, D2S395, D2S367, D2S113, D2S142, D2S326, D2S117, D2S325, D2S164, IRS1, D2S126, D2S362, D2S206, D2S336, D2S286, D2S162, D2S121, D2S152, D2S305, D2S139, D2S319, D2S168, D2S151, D2S368, D2S383, D2S165, D2S337, and D2S391.
The reverse primers for all markers except D2S337 were modified by replacing the 5 Ј end nucleotide with a guanine (G). This substitution results in a cytosine (C) nucleotide at the 3 Ј end of the extended, fluorescently-labeled complementary strand. A C nucleotide in this position is known to optimally promote non-templated addition by Taq polymerase, thereby reducing the miscalling rate for allelic peaks using GENOTYPER (Perkin-Elmer/Applied Biosystems) (13) . Singleplex PCR were performed on each DNA in each 96-well plate after aliquoting PCR mixes using a robotic liquid handling system (MultiPROBE 204DT; Packard Instrument Company, Downers Grove, IL). All PCR reactions were performed on PE9600 thermocyclers using AmpliTaq (Perkin-Elmer/Applied Biosystems) under cycling conditions of three-step plus 10-min extension at 72 Њ C (13). This comprised 5 min at 95 Њ C followed by 10 cycles of 94 Њ C for 15 s, 55 Њ C for 15 s, and 72 Њ C for 30 s. This was followed by 20 cycles of 89 Њ C for 15 s, 55 Њ C for 15 s, and 72 Њ C for 30 s. There was a final extension period of 10 min at 72 Њ C.
The exception was marker D2S391, where a touchdown PCR protocol was used to avoid nonspecific products. In this case, one cycle for 5 min at 95 Њ C was followed by 12 cycles of 94 Њ C for 15 s, with annealing starting at 70 Њ C and reducing by 1 Њ C at each cycle down to 59 Њ C, followed finally by 20 cycles (each comprising 89 Њ C for 15 s, 58 Њ C for 15 s, and 72 Њ C for 30 s). This protocol was followed by a 10-min extension period at 72 Њ C.
The pooling of amplified products, gel electrophoresis, and genotype analysis with GENESCAN, GENOTYPER (both from PerkinElmer/Applied Biosystems), and ABAS (a program that adjusts for intergel allele size variation and also offers an automated method for allele calling) have been described previously (12) . Inheritance checks were performed by a modified version of the program USERM13 (14) of the pedigree analysis package MENDEL (15) .
Statistical analysis. To estimate marker order and intermarker distances, we carried out multipoint analysis using CRIMAP (16) jointly on ( i ) 210 FUSION families that were extended to include the spouse and one or more offspring of an affected sibling and ( ii ) the CEPH (Centre d'Étude Polymorphisme Humaine) reference pedigrees (17) . We examined the robustness of our findings to marker map misspecification by reanalyzing the data using published distances (18) .
As a preliminary analysis, we compared observed allele sharing identical by state (IBS) to that expected under no linkage (19) ( Table  II) . As our primary analysis, we used mode-of-inheritance free ASP analyses to assess evidence for a locus on chromosome 2 using the programs SIBLINK (20) , ASPEX (21, 22) , and GENEHUNTER (23) . We carried out maximum likelihood estimation under the constraints of the "possible triangle" (bounded by (25) . Parental genotype information was used in the 24 families for which it was available. Otherwise, IBD was estimated from IBS using gene frequencies estimated by gene counting from the family data. For comparison, we also estimated marker allele frequencies in 231 elderly unaffected Finnish controls; the effect on the results was minimal (data not shown).
Since the distribution of the maximum LOD score is unknown for this problem, we estimated empirical P values for these data by computer simulation assuming 578 independent ASPs (this being the approximately equivalent number of independent ASPs corresponding to our 709 ASPs from 472 families). We also estimated the power of our study to detect the locus identified by Hanis et al. (5) .
Results
Genotyping accuracy in FUSION was assessed by genotyping 50 samples that were present in duplicate for each of the 50 markers. The genotyping personnel are blind to the identity of the duplicate samples. Of the 1,424 (94.9% of total) genotypes Sex-averaged map distances were estimated using CRI-MAP (16) assuming the Kosambi mapping function. When FUSION and CEPH data were combined, the most likely order for chromosome 2q telomeric markers was D2S338 -10.2 cM-D2S125 -0.5 cM-D2S395 -0.9 cM-D2S140. In contrast to previous studies in which the order of the 2q telomeric markers, notably D2S125, was uncertain (5), we were able to order these markers at 1,000:1 relative maximum likelihood. Our resulting order is consistent with the current Genethon map (18) .
The results of the multipoint linkage analyses provide no consistent evidence for a major locus for NIDDM in our Finnish families near 2qter based on the best telomeric marker order above (Fig. 1) . Indeed, our data exclude linkage (multipoint LOD score Ͻ Ϫ 2) for a locus-specific risk ratio of 1.50 or greater for much of the long arm of chromosome 2. At the maximum likelihood estimate of of 1.37 of Hanis et al. (5), we exclude 10 cM from the 2q telomere. Our simulation results suggest that this sample has a 93% power at a LOD score critical value of 2 and 77% power at a LOD score critical value of 3 to detect an additive gene effect of s ϭ 1.37, the value estimated by Hanis et al. (5) .
Markers D2S126 (at 214.4 cM) and D2S338 (at 240.8 cM) show positive single-locus MLS values of 1.05 and 0.92, respectively, but multipoint LOD scores of 0.03 and 0.18. Further analysis also shows that the regions surrounding these markers can be excluded at a multipoint LOD score of Ϫ 2 for s Ն 1.39.
The region between D2S383 (at 128.9 cM) and D2S151 (at 147.6 cM) also shows excess sharing in ASPs (Table II) but can be excluded at s Ն 1.67.
Discussion
The ability to detect significant gene effects in complex diseases is dependent on the phenotypic characteristics of the population, recurrence risk for the individual locus, the true underlying genetic model, sample size, polymorphism of the markers tested and density of the map, sampling design, and the efficiency of the statistical methods employed.
We have performed a multipoint ASP linkage analysis using all possible 709 sib-pairs in our 472 Finnish families and excluded the 2q telomeric region (D2S338-D2S140) at a s Ն 1.37. Our study may be the first to exclude the telomeric region on chromosome 2q at the level of effect described in the original report. There are several possible explanations for this exclusion of the region identified by Hanis et al. (5) . First, there may be a major gene near the telomere on 2q for NIDDM in Mexican Americans, but that variation in the gene plays no significant role in diabetes risk in Finland. We were able to exclude 2q37 at a s value of 1.37 and above using LOD score ϭ Ϫ2 as the exclusion criterion, indicating that our data are at least 100 times more likely in the absence of a disease locus than the presence of a locus for which s Ն 1.37. Simulation studies conducted by Hauser et al. (20) , using interval mapping, showed that the probability of falsely excluding linkage using this criterion was very small ‫ف(‬ 0.1%) for a range of values of s . This argues that the putative 2q locus plays at most a very minor role in our Finnish sample.
In support of this potential ethnic difference, Hanis et al. from Dresden, Germany and Chicago, Illinois. In this sample, the marker D2S338 (located 10.2 cM centromeric to D2S125) was shown to have a moderate LOD score with NIDDM (MLS ϭ 1.15), whereas no evidence for linkage to D2S125 was observed. The single locus results reported here in a Finnish (Caucasian) sample also showed the same trend (MLS for D2S338 of 0.92), although the more informative multilocus analysis resulted in negative LOD scores for s Ͼ 1 and the exclusion of this region (multipoint LOD score Յ Ϫ2) around D2S338 for s Ն 1.39. The possibility exists that a weak susceptibility locus is present near D2S338 in non-Hispanic Caucasians, but larger data sets than ours likely would be required to reach more definitive conclusions. The only other marker which showed a higher single locus MLS was D2S126 (MLS ϭ 1.05), but this location resulted in negative multipoint LOD scores for s Ն 1.03 and could be excluded in a multipoint analysis at s Ն 1.37.
Second, sample differences other than ethnic origin might explain the differences in the results. One possibility is the alternative methods used for phenotyping. We used WHO criteria to define diabetes status in our sample, whereas Hanis et al. (5) used the National Diabetes Data Group criteria for the Mexican-American sample. There is a strong similarity between these criteria, and indeed WHO has endorsed the National Diabetes Data Group recommendations (26). Alternatively, Mexican-American diabetic subjects may have higher, underlying primary insulin resistance compared with their Finnish counterparts, which could explain our inability to replicate the results since the 2qter susceptibility gene may promote insulin resistance. Insulin resistance, unlike in the Mexican Americans (27) , is not such a strong feature in Swedish (28) and Finnish diabetics (29) , in whom impaired insulin secretion also seems to play an important role in the development of NIDDM.
The age of diagnosis was similar for the two populations. Among the 424 individuals in the 330 ASPs of the MexicanAmerican primary sample, the mean age of diagnosisϮSD was 50.0Ϯ11.6 yr in men and 48.7Ϯ10.7 yr in women. In our sample, the corresponding values were 51.3Ϯ9.0 yr for males and 52.9Ϯ9.2 yr for females. It is therefore unlikely that differences in age of diagnosis accounted for the nonreplication of the Mexican-American sample linkage.
Third, the discrepancies in the two studies could be due to differences in the maps used in the analysis. Hanis et al. (5) report maximum multipoint LOD scores ranging from 2.4 to 4.3, depending on the order of the markers. By combining FU-SION data with the Centre d'Étude Polymorphisme Humaine reference genotypes, we were able to order the markers at 1,000:1 odds. In addition, using the Hanis et al. (5) map order did not change the conclusions of our analysis (data not shown). As our map has the same order as the GENETHON map and our genotyping error rates were small, it is unlikely that misspecification of marker order is the cause of our failure to replicate linkage.
Fourth, because many of our families were composed of a single ASP (356 families with no parents) we could not assess their true relationships with certainty. To address this concern, we compared the probability of our marker data assuming the sibling pairs were full sibs to that assuming half-sibs, unrelated pairs, or monozygotic twins across 209 markers on 17 chromosomes (11) . On this basis we excluded 23 pairs from our analysis. Including these individuals had little effect on the results.
Thus it is unlikely that we are falsely excluding the telomeric region on 2q due to incorrect inference of relationships amongst putative sibs.
Fifth, the Hanis et al. (5) finding on chromosome 2q could be a false positive. In this regard, intervals without flanking markers (as at telomeres) cause an increase in the rate of false positive linkage (30). Recently, however, data from additional markers more telomeric to D2S125 in the Mexican-American study make it unlikely that an "open-ended effect" is the primary cause for a false positive linkage (31) . The Hanis et al. (5) data just manages to reach genome-wide significance using MLS analysis however, and thus could occur by chance in 5% of genome scans. The result would gain more credence if a separate study with a similar population replicated linkage in this region. Only Stern et al. (32) have published results on a similar ethnic group of 444 individuals from 32 families with 83 diabetics. No evidence for linkage has been obtained for an age-of-onset gene for diabetes nor for fasting or 2-hr glucose. However, it is unclear how powerful the Stern et al. study is to detect a locus with a s of 1.37. In a separate study, Hani et al. (33) could not exclude NIDDM1 at a s value of 1.36 in a French sample of 449 affected sib-pairs using criteria for diabetes which were less stringent than the Hanis et al. study in the Mexican Americans. McCarthy et al. (34) were unable to show excess sharing in the same region in 278 affected sib-pairs from the United Kingdom. However, no exclusion mapping was performed in the latter study.
In conclusion, we present evidence that excludes the proposed chromosome 2q locus at s Ն 1.37 in a Finnish sample of 709 sib-pairs from 472 sibships. The marker D2S125, which was most closely linked to the putative locus, can be excluded at s Ն 1.22. Our results suggest that this region plays, at most, a very minor role in determining NIDDM risk in the Finnish population. Further studies are needed in similar and different populations.
